We have carried out comparative in situ hybridisation analysis of six Wnt genes Wnts-3, -4, -5a, -6, -7b, and 10b together with Wnt receptor MFz6 and receptor agonist/antagonists MFrzb1 and Mfrp2 during murine odontogenesis from the earliest formation of the epithelial thickening to the early bell stage. Expression of Wnt-4, Wnt-6, and one Wnt receptor MFz6 was observed in the facial, oral and dental epithelium. Wnt10b was localised speci®cally to the presumptive dental epithelium. Wnts-3 and -7b were expressed in oral epithelium but showed no expression in the presumptive dental epithelium. Wnt-3 also showed no expression in the epithelial cells of the molar bud stage tooth germs, but showed restricted expression in the enamel knots which are signalling centres believed to be involved in regulating tooth shape. Wnts -6, -10b and MFz6 were also detected in the primary and secondary enamel knots. Wnt-5a and agonist/antagonists MFrzb1 and Mfrp2 were expressed in a graded proximo-distal (P-D) manner in mesenchymal cells during the early stages of tooth development with no overlying expression in the oral or dental epithelium. Wnt-5a and MFrzb1 show strong expression in the dental papilla mesenchyme. q
Results
The developing tooth is an excellent model in which to study the molecular mechanisms involved in epithelialmesenchymal interactions, and the early arrest of tooth development at the bud stage in Lef-1 mutant mice suggests that Wnt signalling may have an essential role in early tooth development (Kollar and Baird, 1970; Lumsden, 1988; van Genderen et al., 1994; Cadigan and Nusse, 1997; Thesleff and Sharpe, 1997) .
Morphological details of the stages of molar tooth development analysed in this paper are shown diagrammatically in Fig. 1 .
The expression patterns of Wnts-3, -4, -5a, -6, -7b, -10b, Wnt receptors MFz6 and Wnt agonist/antagonists MFrzb1 and Mfrp2 were mapped by in situ hybridisation to mouse embryonic heads between E11.5 and E15.5. This period encompasses tooth development from the earliest formation of the epithelial thickening to the early bell stage.
Initiation of tooth development (E11.5)
During the initiation of tooth development (E11-E12) the developing teeth can be visualised as localised thickenings of the oral epithelium (Fig. 1) . Wnt-3 and Wnt-7b were expressed in the oral epithelium but were notably absent from the presumptive dental epithelium ( Fig. 2A,D) . Wnt10b however was expressed speci®cally in mesial cells of the molar dental epithelial thickenings and not in the oral epithelium, as previously described by Dassule and McMahon (1998) (Fig. 2E ). Wnt-6 transcripts were expressed in the oral epithelium and dental epithelial thickenings (Fig.  2C) . Wnt-4 transcripts together with the Wnt receptor MFz6 exhibited uniform expression in the oral, dental and head epithelium. None of these genes showed any expression in oral or dental mesenchyme.
Wnt agonist/antagonist Mfrp2 showed strong expression in mesenchyme of the maxillary process and more localised expression in the mandibular mesenchyme underlying the mandibular molar epithelial thickenings (Fig. 3A) . A graded proximo-distal (P-D) generalised mesenchymal expression pattern was evident, with Mfrp2 expression increasing proximally through sections of the head. Expression was greatest and more widespread in the maxillary component of the ®rst branchial arch in comparison to the mandibular arch.
Agonist/antagonist MFrzb1 exhibited graded proximodistal (P-D) differences in mesenchymal facial expression at E11.5, initially showing localised expression beneath the dental epithelial thickenings (Fig. 3B ). Expression domains of these transcripts were initially well de®ned; moving through more proximal sections of the head MFrzb1 expression increased distally throughout the mandible and maxilla. Eventually expression was detected throughout the whole mandibular and maxillary mesenchyme with complete absence from the developing tongue.
Wnt-5a exhibited the similar graded P-D increase in expression in mandibular and maxillary mesenchymal expression as MFrzb1. The Wnt-5a expression domains were not localised beneath the dental epithelial thickenings, but at E11.5, exhibited widespread expression in the mandibular mesenchyme (Fig. 3A) .
Bud stage (E13.5)
By E13.5 the dental epithelium has invaginated to form the epithelial tooth bud. Wnt-3 showed no expression in molar bud epithelium (Fig. 2G) . In contrast Wnt-7b was expressed throughout the epithelium of the molar buds (Fig. 2J) and Wnt-10b showed strong localised expression in the tip of the budding epithelium (Fig. 2K ). Wnt-6 was detected strongly throughout the bud epithelium with somewhat stronger expression in the oral epithelium on the buccal side of the bud (Fig. 2I) . Wnt-4 transcripts were detected throughout the molar bud epithelium (Fig. 2H) . The Wnt receptor MFz6, was expressed throughout the molar epithelium (Fig. 2L ) and agonist/antagonist Mfrp2 showed expression around the mesenchyme of the bud (Fig. 3F ). MFrzb1 showed strong localisation around the mesenchyme of the molar buds (Fig. 3E) . Expression of Wnt-5a was now well localised around the mesenchyme of the bud (Fig. 3D ) similar to that of MFrzb1.
Cap stage (E14.5)
At the cap stage of tooth development the primary enamel knots are evident. Expression of Wnt-3 was seen exclusively in the primary molar enamel knots (Fig. 2M) . Wnt-7b (Fig.  2P) and Wnt-4 (Fig. 2N) showed the same level of expression throughout the entire epithelial enamel organ but both were absent from the enamel knots. Wnt-10b was expressed in the external enamel epithelium (outer dental epithelium), with strongest expression in the enamel knots and weaker expression throughout the remaining dental epithelium (Fig.  2Q ). Wnt-6 was expressed in both the external and internal enamel epithelium with strongest expression again in the enamel knots (Fig. 2O) . Buccal epithelial restriction of Wnt-6 was also evident. The receptor MFz6 showed strongest expression in the outer enamel epithelium and enamel knots (Fig. 2R) . Mfrp2 expression was absent from dental papilla mesenchyme but present in dental follicle cells (Fig.  3I ). MFrzb1 and Wnt-5a expression was localised in the mesenchyme around the dental follicle, and at the tip of the dental papilla (Fig. 3H,G) . MFrzb1 expression was slightly weaker than that of Wnt-5a in the dental papilla mesenchyme (Fig. 3G,H ).
Early bell stage (E15.5)
At E15.5 the molars have started to reach the bell stage. Wnt-3 and Wnt10-b expression were restricted to the internal enamel epithelium and absent from external enamel epithelium cells (Fig. 2S,W) . Wnt-6 was expressed in both internal and external enamel epithelial cells (Fig. 2U) . Wnt-4 and Wnt-7b were weakly expressed throughout the tooth germ epithelium (Fig. 2T,V) . Receptor, MFz6, showed weak expressed throughout the tooth germ epithelium but an area of highest expression was visible in the stellate reticulum (Fig. 2X) .
Expression of Wnt-5a was intense around the mesenchyme of the dental follicle and papilla absent from epithelial cells of the tooth germ (Fig. 3J) . The MFrzb1 expression pattern was similar to that of Wnt-5a, albeit at a lower level than Wnt5a, particularly in the dental papilla (Fig. 3K) . Mfrp2 expression was absent from the dental papilla mesenchyme but some expression was localised to dental follicle cells, particularly those on the buccal aspect (Fig. 2L) .
To begin to understand the role of Wnt signalling in tooth development we have performed a detailed comparative analysis of the expression pro®les of Wnt genes, one receptor and two agonist/antagonists during molar tooth development. At the early pre-tooth bud stage (E11.5) the mesenchyme underlying the presumptive dental epithelium expresses MFz3, MFz4 (data not shown), and MFrzb1 and Mfrp2. Thus receptors and antagonists are present in the mesenchymal cells. Wnts -3, -4, -6, -7b and -10b together with the receptor Mfz6 are expressed in epithelium at E11.5 and Wnts -3, -6, -10b, and Mfz6 are subsequently expressed in the epithelial enamel knot. Wnt-5a and the Wnt agonist/ antagonist Mfrzb1 show localised expression in the dental papilla and follicle mesenchyme whereas Mfrp2 expression is absent from dental papilla cells.
Wnts -1, -2, -8, -11 and receptors Mfz7 and Mfz8 were not found to be expressed during the early stages of tooth development studied (data not shown).
Experimental procedures

In situ hybridisation
In situ hybridisation using 35 S-labelled RNA probes was carried out as described by Angerer and Angerer (1992) . Embryo heads were ®xed in buffered paraformaldehyde, embedded in paraf®n wax and sectioned in a frontal plane.
